In order to develop dense corrosion resistant coatings by thermal spraying, 316L stainless steel and Hastelloy C alloy powders were sprayed by an HVOF thermal spraying apparatus onto a mild steel substrate. The microstructure, pore size distribution, composition and corrosion resistance of the obtained coatings were evaluated experimentally. Corrosion resistance in seawater was examined by monitoring the impedance and corrosion potential of samples immersed in artificial seawater at 300 K over a period of more than 3 months and also by polarization measurement. It was found that the stainless steel coatings composed mainly of plastically deformed particles and some splats that were molten at the impact. By increasing the combustion pressure, the porosity measured by a mercury porosimeter was reduced to below 1%. In comparison, Hastelloy C deposits sprayed under a standard condition were so dense that their porosity could not be measured by the porosimeter. The polarization curves and the results of impedance monitoring exemplified that the Hastelloy C coatings possess much superior corrosion resistance to the stainless steel coatings in seawater, which was attributed mainly to the higher density and better adhesion of the Ni-base alloy coatings.
Introduction
With the advent of HVOF spraying technology, it has become possible to fabricate denser coatings with reduced oxidation or decomposition of the feedstock materials in air. This is due to the higher gas velocity in the combustion flame over 1,500 m/s, which propels sprayed particles onto the substrate at velocities higher than 500 m/s in combination with the relatively low temperature of the combustion flame as compared to arc or plasma. The HVOF process is particularly suited to the deposition of cermet materials such as WC-Co and a number of hard-surfacing applications to solve wear problems have been industrialized. Wet corrosion, however, still remains as one of the most challenging applications for thermal sprayed coatings. Zn, Al, and Zn-Al coatings on steel have a proven history of corrosion protection in atmospheric and marine environments because they sacrifice themselves as anodes in preference to the steel substrate. Because of this, through-porosity that allows water to permeate through the coating to the substrate is not critical, but sealing is commonly applied to further extend their service life. 1, 2) If barrier type corrosion resistant coatings are required, however, elimination of through-porosity by spraying process itself or sealing is necessary. Organic sealants, however, not only add cost but often limit the service conditions for the coatings such as temperature and mechanical loading.
There has been a limited yet increasing number of reports evaluating HVOF coatings for corrosion protection. For example, corrosion resistance of 316L stainless steel coatings sprayed by HVOF process was compared with that of wirearc sprayed coatings for protection of steel rebars in reinforced concrete. The results showed that HVOF coatings per-formed much better than the wire-arc sprayed ones because of less porosity in the former coatings. 3) Fe-based as well as Nibased amorphous alloy powders were sprayed by HVOF and the coatings exhibited somewhat inferior corrosion resistance as compared to the corresponding bulk materials due to inhomogeneous microstructures such as oxides and crystalline phases. 4, 5) A process improvement was achieved by adding a gas shroud to the HVOF process aiming to minimize oxidation during spraying. 316L stainless steel and Hastelloy C coatings sprayed with the shroud performed remarkably well in some field tests in petroleum plants. 6) The aim of the present study is to clarify the relationship between the process variables and the coatings' structure of HVOF sprayed coatings. Two types of corrosion resistant alloys, i.e. 316L stainless steel and Hastelloy C, are sprayed by a high pressure HVOF apparatus onto steel substrates. Oxygen contents and pore size distributions of coatings formed under various spray conditions are evaluated. Then, their effects on the corrosion resistance in seawater are examined by electrochemical methods and structural observation.
Experimental Procedures

Samples preparation
A high-pressure HVOF apparatus (TAFA JP5000) was used to spray 316L stainless and Hastelloy C powders onto SS400 low carbon steel substrates. Substrates (t5 mm × 50 mm × 100 mm) were cleaned by blasting with alumina grits prior to spraying, and degreased ultrasonically in acetone. The composition of the powders and the steel substrates are listed in Table 1 . The standard spraying conditions for the two alloy powders are listed in Table 2(a). For the stainless steel powder, spray conditions such as the combustion pressure, fuel/oxygen mixture ratio, coating thickness, preheating temperature, spray distance, and the temperature of post-spray heat treatment in vacuum were changed within the range as listed in Table 2 (b).
Coatings characterization
Mercury porosimeter (Micromeritics Autopore II 9220) was used to measure the pore size distribution in sprayed coatings. Sprayed coatings with approximately 1 mm thickness were delaminated from the substrate, broken into pieces (approximately 7 mm × 7 mm) and used for the measurement. Figure 1 shows the scheme of the corrosion test for the coated specimens (a), sample preparation for the test (b), and the equivalent circuit for the samples in aqueous solution (c). Coated specimens were insulated with a silicone resin (Shin-Etsu Silicone KE45) to allow only the circular coating area of 2 cm 2 to be exposed to the seawater. A pair of such specimens was immersed into a bottle filled with artificial seawater kept at 300 K, which was mildly aerated during the test. The impedance between the two specimens were measured at a predetermined interval by a corrosion monitor (Riken Denshi CT-5), which operates at two frequencies of 0.1 Hz and 10 kHz to determine the three parameters, i.e., corrosion resistance R c , double layer capacitance C dl and solution resistance R s . Also, the corrosion potential E p of one of the specimens with respect to the reference Ag/AgCl electrode in a saturated KCl aqueous solution was monitored. An automatic polarization system (Hokuto Denko HZ-3000) was used to measure the polarization curves of the thermal sprayed specimens at a potential sweep rate of 60 mV/min.
Results
316L stainless steel coatings-chemical analysis
Chemical analysis of the stainless steel coatings showed that the alloying elements of the stainless steel such as Cr, Ni, Mo hardly changed by spraying. Nitrogen content did not change noticeably also. Oxygen content, however, changed sensitively with the change in the spraying conditions as shown in Fig. 2 . At the standard spray distance of 380 mm, higher combustion pressure P c resulted in higher oxygen content in the coatings, whereas the preheating temperature T s seems to have negligible effects on the oxygen content. When the flame composition was changed to F/O = 1.3, the coating oxidation was as high as 1.2%. At a shorter spray distance such as Z = 200 mm, oxidation also increased significantly. At such a short spray distance, the oxidation due to the heating by the flame is significant. 7)
Pore size distribution
As reported, when thermal sprayed coatings are evaluated by mercury porosimetry, bimodal pore size distributions are usually obtained; one peak around the pore radius of 10 µm and the other around 0.1 µm. The coarser peak normally does not represent the internal porosity but is an artifact due to the surface roughness of the specimens and hence should be neglected. 8) Only the data below 2 µm are reported hereafter. Figure 3 shows the effects of combustion pressure on the cumulative pore size distribution. At a lower combustion pressure of 0.43 MPa, majority of pores lies between 0.1 and 0.4 µm and the total porosity is about 4%. At the standard spray condition with 0.66 MPa, the pore size decreased below 0.1 µm and the total porosity is 1.5%. By raising the combustion pressure to 0.78 MPa, which is close the maximum pressure operatable with our spraying apparatus, the porosity could be reduced to 1% but further reduction was not possible. Figure 4 shows the effects of preheating temperature on the pore size distribution. It clearly shows that the preheating temperature as high as 873 K hardly affected the size and amount of porosity. This is highly contrasting with plasma spraying, where higher substrate temperature results in significant reduction in porosity. 9) In plasma spraying, majority of sprayed particles are molten before impact onto the substrate and the higher substrate temperature promotes wetting between the sprayed particles and the coating surface, which results in better inter-lamellar contact. Under the standard HVOF spraying condition for the stainless steel powder, however, the majority of sprayed particles are not fully molten. Oxygen /mass locity. Under such conditions, substrate temperature as high as 873 K did not change the deposition phenomena significantly and hence the pore size distribution did not change.
Corrosion characteristics
Since there exist significant differences in the pore size distribution of HVOF stainless steel coatings, widely different corrosion behavior was expected among specimens sprayed under different conditions. Figure 6 shows the change in the corrosion potential E p (a) and the corrosion resistance R c (b) of the coated specimens sprayed at different combustion pressure. Potential-time curves seem to suggest that the coatings sprayed at higher combustion pressure possess superior barrier capability. Corrosion resistance R c of the densest coating obtained at 0.81 MPa, however, decreased to approximately 10 3 cm 2 , which is of the same level to that reported for bare steel, in 3 days and a significant portion of the coating surface was covered with red rust after the test. Coating formed at 0.51 MPa exhibited a much higher corrosion rate as compared to the steel. Since R c is inversely proportional to the corrosion rate and E p is less sensitive to the corrosion rate of the coated samples examined here, R c will be mainly cited hereafter. Figure 7 shows the effects of the coating thickness on the corrosion resistance of the HVOF stainless steel. The resistance of the 400 µm and 600 µm coatings increased first and then decreased to the value of 10 3 cm 2 due to the penetration of seawater to the substrate. The reason for such peaks in R c curves is not clarified yet. Figure 8 shows the cross sections of HVOF 316L stainless steel coatings with different combustion pressure after the corrosion test. It is evident that the coatings themselves are almost intact whereas the substrate in contact with the coatings was heavily damaged and the corroded layer seems to have extended over the entire interface for the two samples sprayed at the lower combustion pressure. Such accelerated corrosion is caused by the well-known galvanic corrosion mechanism. Figure 9 shows SEM image of rust deposited on the surface of a HVOF 316L stainless steel coating after the corrosion test. The reddish rust deposited on the surface looks like a small volcano in the SEM image. Iron ions dissolved from the substrate surface transferred through pores and were deposited as oxides on the surface appearing dark in the BSE image. Figure 10 (a) shows the effects of preheating temperature and surface polishing of the coatings on the corrosion performance. Since preheating had almost no effects on the pore size distribution as shown in Fig. 4 , corrosion resistance could not be improved significantly. On the contrary, surface polishing was effective in raising the corrosion resistance significantly. This may be attributed to reduction in the surface are of the coating and closure of pores by the surface deformation during the grinding and polishing procedures. The latter seems to be the more predominant mechanism because the substrate is preferentially attacked in the test and hence the coating surface is not the active corrosion site. As shown in Fig. 10(b) , post-spray heat treatment improves significantly the corrosion performance. The higher treatment temperature seems effective in reducing the corrosion rate. Significant pitting corrosion, however, remains to be operative as indicated by the unstable resistance fluctuation of the 1473 K specimen. The coating treated at this temperature contains spherical oxides, which were formed from the oxide films at the boundary between sprayed powder particles. We believe that these ox- ide particles act as the initiation sites for pitting corrosion but further study is necessary. Figure 11 summarizes the corrosion performance of the stainless steel coatings in terms of R c and E p after 3 days. Even though corrosion potential may be raised by changing the spraying conditions, corrosion rate can only be improved by heat treatment and to some extent by surface polishing. The fact that the coatings sprayed at the combustion pressure of 0.5 MPa corrodes at a significantly greater rate as compared to the bare steel substrates clearly demonstrates that the galvanic corrosion at the interface between the coating and the substrate is severe. This is a dangerous situa-tion as it can lead to a catastrophic failure of the coating.
Hastelloy C coating
Hastelloy C coating was so dense that its pore volume was below the detection limit of the instrument of mercury porosimetry (about 0.3 vol%). Figure 12 compares the corrosion performance of the Hastelloy C coating with the HVOF 316L coating, Hastelloy C coating by atmospheric plasma spray (APS) and the bare steel substrate. Only the Hastelloy C HVOF coating exhibited a stabilized corrosion resistance above 10 4 cm 2 for a period over 100 days. Surface observa- tion of the coatings after immersion revealed that there were tiny spots of rust but their growth rate seemed to be negligibly small. Figure 13 compares the polarization curves of the steel substrate, 316L stainless steel plate, and a carbon steel plate sprayed with a SUS316L coating under the standard condition. The coated specimen exhibits significantly degraded properties as compared with bulk stainless steel properties: the passivation peak current density increased by more than 2 orders of magnitude and the activation potential shifted from 700 mV to 100 mV. Figure 14 shows similar comparison among the steel substrate, Hastelloy C 276 plate, and a carbon steel plate HVOF sprayed with Hastelloy C. Hastelloy C 276 has a similar composition with Hastelloy C and was used for comparison because it was readily available. Hastelloy C alloy has a superb crevice corrosion resistance 10) which is exemplified by the moderate increase in the current density over 500 mV as compared to the stainless steel. Such characteristic is retained for the HVOF sprayed Hastelloy coating and the degree of increase in passivation current is much less than that of the stainless steel coating.
Polarization measurement
Discussion
When a noble alloy such as stainless steel or Hastelloy C is coated over carbon steel, galvanic corrosion must be considered because it results in an accelerated corrosion of steel substrate and leads to a catastrophic failure of the coatings. The routes for the seawater to reach the coating/substrate interface are through-porosity. Also, damage during service such as scratching and cracking can also expose the substrate to the environment. Therefore, it is important to examine the behavior of the coating/substrate couple when the interface is exposed to the corrosive environment. In order to simulate such situation, a model defect was formed by drilling a vertical hole with 1 mm diameter from the surface of the coating to the substrate. Then, the specimen was sealed just like the ordinary specimen for the corrosion test described in a previous section and immersed in aerated artificial seawater for 3 days. Figure 15 shows the cross section of the specimens after the test. Corrosion advanced far more deeply along the interface between the stainless steel coating and the steel substrate (beyond the field of view in the photo) as compared to that of the Hastelloy coating. Such difference can not be explained electrochemically because the free corrosion potential of both materials in seawater lie in more or less the same range. 11) One possible explanation may be the coating adhesion. If the adhesion of the stainless coating is weaker than that of the Hastelloy coating and hence it allows a rapid penetration of seawater along the interface, such corrosion behavior may result. Comparison of adhesion strength, effects of heat treat- ment on the galvanic corrosion are now under investigation.
Conclusion
316L stainless steel and Hastelloy C powders were sprayed by a high-pressure HVOF thermal spray apparatus. The microstructure as well as the composition of the obtained coatings were examined by optical microscopy, mercury intrusion porosimetry, and chemical analysis. Then, the corrosion performance of the coatings were evaluated in the artificial seawater.
(1) The chemical composition of the HVOF sprayed coatings were almost identical to that of the original powder except for increase of oxygen content, the degree of which depends on the spraying conditions.
(2) The porosity of the stainless steel coatings could be reduced to just below 1 vol% by raising the combustion pressure to about 0.8 MPa. On the contrary, the porosity of Hastelloy C coating sprayed at the standard spray condition was below 0.3 vol%, which was the detection limit of the porosimeter.
(3) The corrosion resistance of the as-sprayed stainless steel coatings degraded remarkably in a relatively short period of 3 days even with the highest combustion pressure of 0.81 MPa or the greatest thickness of 600 µm.
(4) The corrosion resistance of HVOF Hastelloy C coating was much superior to the stainless steel coatings due to its high density and better adhesion. Further study is necessary to understand the mechanism behind such marked difference in the structure and the corrosion performance between the two alloys.
